Synchronous variations in the abundance of geographically distinct marine fish populations are known to occur across spatial scales on the order of 1,000 km and greater. The prevailing assumption is that this large-scale coherent variability is a response to coupled atmosphereocean dynamics, commonly represented by climate indexes, such as the Atlantic Multidecadal Oscillation and North Atlantic Oscillation. On the other hand, it has been suggested that exploitation might contribute to this coherent variability. This possibility has been generally ignored or dismissed on the grounds that exploitation is unlikely to operate synchronously at such large spatial scales. Our analysis of adult fishing mortality and spawning stock biomass of 22 North Atlantic cod (Gadus morhua) stocks revealed that both the temporal and spatial scales in fishing mortality and spawning stock biomass were equivalent to those of the climate drivers. From these results, we conclude that greater consideration must be given to the potential of exploitation as a driving force behind broad, coherent variability of heavily exploited fish species.
synchrony | fishing mortality | climate forcing | cod C urrent wisdom holds that coupled atmosphere-ocean forcing, commonly represented by climate indexes such as the Atlantic Multidecadal Oscillation (AMO) and North Atlantic Oscillation (NAO), is the primary driver of large-scale synchronous variations in the abundance of marine fish populations (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . In a recent comprehensive literature review (12) it was concluded that "it is well understood by marine scientists that climate variability is a strong driver of changes in fish populations and in fisheries." Although we do not dispute the potential importance of climate, the possibility that commercial exploitation could contribute significantly to these variations (13) (14) (15) has been largely dismissed, the assumption being that fishing mortality could not vary coherently at these scales (2, 16, 17) . Other researchers have argued that estimates of exploitation rates often do not exist or are difficult to obtain, thereby limiting the incorporation of such effects into climate-related analyses of fish population dynamics (18) . This is not the case for cod in the North Atlantic, a reality that facilitates an evaluation of the hypothesis that fishing pressure may cause synchronous changes in stock abundance at spatial and temporal scales comparable to those attributed to climate forcing (∼1,000 km).
Cod has been heavily exploited in the western North Atlantic, where the average instantaneous fishing mortality rate (F) from 1959 to 1993, at which time widespread closures were initiated, was 0.59, corresponding to an annual biomass removal of 43%; in the eastern North Atlantic, even higher levels of exploitation prevailed, with an average F of 0.76 , corresponding to an annual biomass removal of 53%. The large-scale synchronous variability of this widely distributed species has been attributed to climate forcing (19, 20) operating at the scales of ocean basins. These fishing mortality rates are typically three-to six-times greater than the assumed natural mortality rate. The volatile changes in abundance that have characterized the species, coupled with its commercial importance, have led to intensive, long-term monitoring of its population structure and abundance. Consequently, detailed observations of 22 independently managed North Atlantic stocks, whose distributions span 27°of latitude and 97°of longitude, were available with which to investigate the role of exploitation in influencing the temporal and spatial synchrony in abundance (Fig. 1A) . For each stock, we extracted time series of F from published stock assessments. These series were then used as our index of exploitation ( Fig. 1 B and C and SI Appendix, Fig. S1 and Table S1 ). Time series of spawning stock biomass (SSB) were similarly developed and used to assess the potential of exploitation to induce synchrony in population abundance and the scales at which this synchrony occurred ( Fig. 1 D and E and SI Appendix, Fig. S1 ). The average time-series length was 40 y (range 20-54 y). Annual estimates of F and SSB were available for all 22 stocks from 1984 to 2000.
For the 13 Northwest Atlantic (NWA) cod stocks, the 1982-2000 period featured coherent [median correlation coefficient (r) among stocks = 0.60, range −0.14 to 0.94] variability in the standardized anomalies (z scores) of F with an intense and rapidly developing peak in the late 1980s to early 1990s (Fig. 1B) . Standardized F increased at the annual rate of +0.4 during the interval 1987-1992; this corresponds to an increase in the annual removal of cod biomass from 35% in 1987 to 66% in 1992. This increase in the rate of exploitation was followed by a precipitous decline in the abundance of the 13 stocks (Fig. 1D ) from a combined SSB of 1.5 million tons in 1987 to 0.4 million tons in 1993. A similar pattern occurred before 1982, when data for fewer stocks were available. At that time, a pronounced peak in F occurred in the early to mid-1970s and was followed by a sharp decline in SSB just before the establishment of the 200-nautical mile limit in 1977.
Significance
Large-scale synchronous variation in the abundance of marine fish populations has generally been viewed as a response to coupled atmosphere-ocean forcing. The possibility that commercial exploitation could contribute significantly to these variations has been largely dismissed. We demonstrate, using data from 22 Atlantic cod stocks distributed across the North Atlantic, that fishing pressure can cause synchronous changes in stock abundance at spatial and temporal scales comparable to those attributed to climate forcing. We conclude that an understanding of the underlying causes of the large-scale, often synchronous variability of exploited marine fish populations and their underlying food chains will require greater acceptance of the potential importance of exploitation than has been evident to date.
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Data deposition: The raw data used in this paper can be found in SI Appendix, Fig. S1 and the locations of the data are listed in SI Appendix, Table S1 . For the nine Northeast Atlantic (NEA) cod stocks, the pattern of standardized anomalies of F was less coherent (r = 0.14; range −0.45 to 0.77) (Fig. 1C) . However, a general increase in coherence did occur through time, with 8 of 9 stocks exhibiting positive standardized F anomalies in 1986, 1987, and 1989, contributing to a broad peak. A second, stronger peak in F occurred from 1997 to 1999, when all nine stocks had positive anomalies. Each peak in F was followed by coherent declines in SSB (Fig. 1E ). Between these peaks, six of nine stocks had average F anomalies with the same sign. A period of strong decline in standardized F (0.16 y The coherent behavior of F and SSB ( Fig. 1 B-E) prompted us to consolidate the cod stocks into two large units representing the NW and NE Atlantic (Fig. 2) . In both the NWA and NEA, SSB and F were negatively correlated (Fig. 2) . The response to increased F in year y typically was a decline in SSB in year y+1 (SI Appendix, Fig.  S2 ), as seen in the NWA from the early 1980s to the early 1990s ( Fig.  2A) . In 1992, a moratorium on directed fishing for cod was declared for stock 11 and, in 1993, similar management measures were implemented for stocks 4-7 and 9. However, by 1994, the NWA stocks had moved from this nearly linear response and become fixed in a state where low F did not lead to a significant response in SSB. Several hypotheses have been advanced to explain the lack of cod recovery, including increased natural mortality, alterations in critical demographic characteristics, reduced recruitment rates, and bycatch in open fisheries (21) . On the other hand, in the NEA, decreasing F led to increasing cod stocks overall from the late 1980s to 2010-2012; this evolution was dominated by the NE Arctic stock (SI Appendix, Fig. S1 ). In both the NWA and NEA the cod stocks moved along linear trajectories, with R 2 and slopes of 0.73 and −2.0 million tons per unit F for the NWA (1970-1993) and 0.61 and −1.8 million tons per unit F for the NEA (1966-2012). The weaker, but not significantly different, slope for the NEA may reflect the generally higher temperatures experienced by these stocks leading to greater growth and resilience to excessive fishing pressure or a more balanced fishery, where forage and top predator species are simultaneously harvested. Despite experiencing similar fishing mortalities, the NEA did not become fixed in a low F/low SSB state; rather, recent estimates of SSB are the highest over the length of the time series (Fig. 2B) .
It is evident that these series are dominated by low-frequency variability, with zero crossings of the autocorrelation function ranging from 6 to greater than 14 y (SI Appendix , Fig. S3) ; further, about 40-70% of the variance is found at periods greater than 10 y. This concentration of variance at long timescales implies few degrees of freedom, which could lead to significant uncertainty in the interpretation of any statistical relationships between potential forcing mechanisms, such as fishing pressure or climate, and response variables, such as SSB (18) . Conclusions that might be drawn regarding cause and effect could therefore be compromised.
A general picture of the spatial structure and temporal variability of exploitation was derived from a principal component analysis (PCA) based on the correlation matrix of F for the complete time series of 22 North Atlantic cod stocks (Materials and Methods and Fig. 3 ). Synchronous variability of F among stocks would be reflected as strong, in-phase (same-sign) loadings with similar amplitudes over a large area. Nonsynchronous behavior would feature a more random distribution of the amplitudes and signs of the loadings. Complementary analyses involved the calculation of PCAs based on 1984-2000 data, when all 22 series were complete, intercomparisons of PCAs based on the correlation and covariance matrices, and intercomparisons of time series of the PCAs with the average F time series (Materials and Methods and SI Appendix, Figs. S4-S7). Based on the correlation matrix alone, we expected a high level of synchrony among stocks, given that the average correlation coefficient was 0.43 (95% confidence interval 0.38-0.48) and that 73 of 114 (64%) interstock correlation coefficients exceeded r = 0.37, a threshold value defined in a subsequent analysis for estimating the spatial scale of synchrony.
The two leading PCA components extracted 56% of the overall variance in F and operated at the scale of ∼1,000 km. The first mode (PCA 1) (Fig. 3A) captured 36% of the overall variance. Its spatial structure was dominated by strong, in-phase loadings for all North American, West Greenland, and Icelandic stocks that span 4,000 km. The loadings for these NWA stocks had similar amplitudes (coefficient of variation or CV 23%) and were on average 3.3 times larger than the amplitudes of their NEA counterparts. The time series of the leading mode (PCA 1) was reflective of the average value of F for the 13 NWA stocks (SI Appendix, Fig. S5 A and C) . In turn, this accounts for most of the temporal variability in SSB (r = −0.85; 1970-1993) and was characterized by the development of two pronounced peaks (Fig. 3C) . The first peak occurred in the mid-1970s, coincident with intensive, largely unregulated, foreign overfishing. The large offshore trawler fleets of these nations operated over vast geographic areas spanning multiple cod stock management units across Northwest Atlantic Fisheries Organization
a total of 20.6 million tons; Canada was responsible for the remaining 22%. In contrast, the second peak in the early 1990s arose primarily from the rapid rise and expansion of domestic fishing effort following the implementation of extended jurisdiction to 200 nautical miles in 1977. Canada's share of the total cod landings (9.4 million tons) during the period 1977-1993 rose to 70%. Many of the cod stocks collapsed following the second peak, and were placed under fishing moratoria with limited recovery to date (Figs. 1D and 2A) .
In sharp contrast to the unimodal distribution of the fishing mortality to which these NWA cod stocks were subjected, and to its corresponding effect on SSB, NWA sea surface (22) and bottom (23) temperatures were characterized by a strong bimodal spatial distribution, the boundary separating positive and negative temperature anomalies being located on the northeast Scotian Shelf (stock 4) (Fig. 1A) . PCA 1 also featured generally weaker, negative (i.e., out-of-phase) loadings (Fig. 3A) for NEA stocks, perhaps reflecting the bimodal basin-scale temperature response to the NAO, the dominant driver of atmospheric variability in the region (24) , which results in temperature anomalies on the Newfoundland/Labrador Shelf having opposite signs to those over much of the European shelf (SI Appendix, Section F and Figs. S8 and S9 contain further discussion and analysis of the spatial dependence of SSB response on large-scale forcing and the use of local time series of environmental forcing).
The second mode (PCA 2) (Fig. 3B ) captured 20% of the overall variance of F and featured in-phase loadings for eight of nine NEA stocks and for the Icelandic stock; the loadings of these eight NEA stocks had similar amplitudes (CV 33%). The loadings were generally weak among the NWA stocks. These results are strongly indicative of synchronous temporal variability in F across eight of nine NEA stocks over a scale of ∼2,000 km. This coherent behavior of the loadings was somewhat less pronounced in the NEA (less proportional variance accounted for, greater CV, eight of nine stocks) relative to the NWA (Fig. 3A) . The time series of the second leading mode (PCA 2) (Fig. 3C) was reflective of the average value of F for the nine NEA stocks (SI Appendix, Fig. S5 B and D), which in turn accounted for a significant amount of the temporal variability in SSB (r = −0.74) (Fig. 2B) . The time series was characterized by a prolonged period of high exploitation from the 1970s to early 1990s, resulting in an increasing proportion of stocks falling to biomass levels below precautionary levels (25) . A declining trend in exploitation has been evident since the early 2000s and, combined with the near abolishment of illegal, unreported, and unregulated fishing, some cod stocks have been showing signs of major improvement (26) . On the other hand, a recent study (27) suggested that the trends in abundance and distribution of Northeast Arctic cod (stock 22) (Fig. 1A) , which accounts for 56% on average of the total NEA stock since 1984 and 79% in the last decade, are related to the direct and indirect effects of temperature on stock dynamics. However, the rise of ocean temperature by ∼1°C that accompanied the dramatic increase of cod by nearly 2 million tons from the late 1990s to the present may well be confounded with the reduction of F from 1.07 in 1997 to 0.25 in 2010 (SI Appendix, Fig. S1 ).
To address the possibility that these findings were not the result of attributing F to possible time-varying natural mortality (M), we repeated these analyses using an alternative measure of exploitation, relative F [defined as landings per SSB (28)]. Virtually identical results were obtained (SI Appendix, Fig. S7 ). We do recognize that our alternative measure using catch data was part of the estimation method that was used to generate SSB. Therefore, we also developed a time series of exploitation for a subset (total of five) of stocks based on fishery-independent survey estimates of relative biomass and compared it with the corresponding model-derived F The 13 (NW) and 9 (NE) SSB of cod stocks were combined, as were the F estimates, to represent two integrated stocks for the North Atlantic. Given that exploitation generally affects the following year's biomass, we compared F in year y with SSB in the following year, y+1. The data are color-coded in 5-y blocks to allow the temporal evolution of SSB and F to be seen.
series (SI Appendix, Section G). In all cases, a positive relationship was obtained with an average R 2 of ∼0.6 (SI Appendix, Fig. S10 ). An explicit determination of how coherence in F and SSB decayed with distance was achieved by calculating all possible pairs of lag-0 correlations among NWA and NEA cod stocks as a function of the distance (kilometers) between the centers of each stock's distributions. The groupings for each region were based on the PCA loadings ( Fig. 3 A and B) . The derived scales depended on the mathematical form of the exponential decay model used [e.g., the ratio of the longest to shortest scale was 1.9 for NWA F (1,680 vs. 3,330 km) and 1.1 for NWA SSB (1,890 vs. 2,150 km)]; consequently, an empirical method was devised to estimate the spatial scale (Materials and Methods). We found that the spatial scales over which F was coherent, expressed as the distance at which the correlation falls to e −1 = 0.37 (commonly referred to as the e-folding scale), were 790 km for the NWA and 610 km for the NEA (Fig. 4 A and B and SI Appendix, Fig. S11 ). The corresponding scales for SSB were 1,050 km for the NWA and 720 km for the NEA (Fig. 4 C and D and SI Appendix, Fig. S11 ). These scales are comparable to those of climate forcing in the NWA and NEA (22) (23) (24) (29) (30) (31) . Thus, these analyses reveal that, contrary to the prevailing assumption (2, 16, 17) , the scales of fishing mortality are equivalent to those of atmosphere-ocean forcing, and could account for a significant portion of the large-scale synchrony that prevails in these cod stocks.
The characterization of F and SSB was further evaluated by focusing on an assessment of temporal scales. We conducted a Fourier analysis of the time series of F and SSB as well as the AMO (1960 AMO ( -2014 and NAO (1960 NAO ( -2014 , the two climate drivers most commonly implicated in the dynamics of North Atlantic fish populations (10) . All series were rich in low-frequency energy (SI Appendix, Fig. S12 ). The median periods (i.e., the point at which the integral of the amplitude spectrum is equally divided) were NWA F 6.3 y, SSB 7.7 y and NEA F 6.6 y, SSB 7.4 y. The median periods for the climate drivers were AMO 7.1 y and NAO 4.9 y. This similarity among the median temporal periods of the climate indexes F and SSB makes it difficult to distinguish the relative roles of exploitation and climate as regulators of open-ocean stock variability. Moreover, it indicates that the dominant variability in the biological and abiotic variables is concentrated at low frequencies, leading to few degrees of freedom in the available time series, which could complicate the understanding of the roles of climate and direct anthropogenic impacts on ecosystems.
A major factor giving rise to the dominance of low-frequency variability in F arises from management practices that take the form of the setting of the annual total allowable catch (TAC) for each of the cod stocks. To illustrate this point, we assembled time series of TACs for 10 NWA and 8 NEA cod stocks and calculated their autocorrelations (SI Appendix, Fig. S13 ). For the NWA stocks, six did not cross 0 for lags of up to 10 y, whereas two crossed at ∼3 y (stocks 4 and 5; implying a dominant period of about 12 y) and 2 at 4 y (stocks 9 and 13; equal to a dominant period of about 16 y). For the eight NEA stock TACs, six did not cross 0 for lags of up to 10 y, whereas two crossed or approached 0 at about 4 y (SI Appendix, Fig. S13, Lower) . The inherent sluggishness in the adjustment of the TACs reflects attempts to limit variability in interannual changes in the management of the fishery, but has the troubling side effect of not responding quickly enough when a stock is in decline. Collectively, our findings raise serious questions about the attribution of environmental forcing in the variability of marine fish populations that currently prevails. Marginalization of nonclimatic factors, including fishing pressure, was common in a review of over 250 case studies involving climate change effects on the temporal dynamics of marine populations (18) . Whereas previous research has focused heavily on the role of climate as the driver of large-scale synchrony of marine fish populations (4-11), our analyses demonstrate that fishing pressure can also exert strong effects on the population trajectories of cod at spatial and temporal scales comparable to those of climate forcing. This documentation of the potential synchronizing effect of large-scale industrial fishing on the targeted populations of cod adds to the growing number of examples in which human activities could have induced homogenization of formerly spatially diverse populations and the systems they inhabit, for example through artificial propagation (31), invasive species, and habitat transformations (32) .
We conclude that a more comprehensive understanding of the underlying causes of the large-scale and often synchronous variability of exploited marine fish populations, and the food chains leading to their production, will require a greater acceptance of the potential importance of exploitation than has been evident to date and a more rigorous assessment of the relative roles of both climate and exploitation. Clearly, if the results of our analyses can be generalized, and until it has been definitively shown that they cannot, the focus on climate that has prevailed in recent decades can no longer be accepted without considering commercial exploitation, particularly given the significance of the marine capture fisheries to the global economy.
Materials and Methods
Annual estimates of instantaneous fishing mortality, spawning stock biomass, and commercial landing data were obtained for 22 cod stocks distributed throughout the North Atlantic. Additionally, data were obtained for two large-scale environmental indexes: the AMO and NAO (SI Appendix, Table  S1 ). Our primary objective involved characterization of the spatial and temporal scales of variability in F, SSB, and the environmental indexes. This was achieved in multiple analytical ways. We first used PCA using all of the available data from 1959 to 2013 (73% data coverage) to construct a correlation matrix of F in addition to the period (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) when all stocks had data and the matrix was fully balanced. This allowed maximum use of all of the time series, series that varied substantially in length (minimum 24 y, maximum 54 y, average 40 y) and overlap. Because this approach can give rise to negative eigenvalues and invalid results, we compared the results derived from the full matrix with results from a matrix derived from the period 1984-2000 (SI Appendix, Fig. S4 ), when there was full coverage. To generate time series for the leading principal components, we averaged the output by the number of sites where there were data. An additional PCA was carried out to determine whether decomposition based on the covariance matrix rather than the correlation matrix offered any additional or different insight (SI Appendix, Fig. S6 ). We next determined the spatial scales associated with the total variability by computing the correlations for all possible stock pairs based on the F and SSB time series. Guided by the PCA results, we divided the data into western and eastern North Atlantic groups and determined the scales for F and SSB. We considered three regression models to fit the variation of the correlation with separation (X) between stocks: A*exp(−BX), where A was allowed to vary or set equal to 1, and A*ln(x) + B. In addition, we adopted an empirical approach. This involved ordering the data by the separation between stocks from the smallest to largest distance. The average (Ave) correlation and its SE were computed for the first 10 points; if (Ave − SE), which represents a confidence interval of 84%, was greater than e −1 , the block was advanced one point and the computation was repeated until (Ave − SE) was less than e −1 . The spatial scale was then defined as the greatest separation in the last block for which (Ave − SE) was greater than e −1 : that is, the e-folding scale. Finally, the temporal variability in F and SSB for western and eastern Atlantic stocks as well the two large-scale environmental indexes under consideration (AMO and NAO) were evaluated by conducting a Fourier analysis of the respective time series using the MATLAB routine fft (MathWorks); the results are displayed as amplitude spectra. Additional analysis considered multiple inputs with SSB as the response variable and F, NAO, and AMO series as potential drivers.
